for the protection of coastal ecosystems in China [8] . In response, cooperative projects have been launched, such as the Reducing Emissions from Deforestation and Forest Degradation Program (REDD+) [9] , which is based on research into ecosystem C stocks and emission factors associated with land use change [10] . Accordingly, assessing the effect of rapid land use change is urgent by calculating C stocks of coastal ecosystems.
Although wetlands cover only 2-6% of the earth's surface [4] , soil organic carbon (SOC) stocks of wetlands hold approximately one-third of global SOC stocks [11] . Coastal wetlands possess special hydrology, vegetation, and soil characteristics [12] that play an important role in carbon stocks [13] . Carbon stocks of mangrove ecosystems in the Indo-Pacific region [14] and Micronesia [15] were calculated. Global blue carbon emissions from the degradation of coastal ecosystems were estimated [16] . The first research of C stocks of coastal wetlands in the American tropics has been reported [17] . However, the amount of C storage has not been calculated for coastal wetland ecosystems of Hainan Island. Thus, calculating C stocks of coastal wetlands on Hainan is necessary.
According to remote sensing (RS) technology and field research, nine types of natural coastal wetland ecosystems are located on Hainan, namely shallow waters, sandy coasts, rocky coasts, seagrass beds, mangroves, estuarine waters, muddy beaches, deltas, and coastal saltwater lakes [18] . Shallow waters, sandy coasts, and rocky coasts wholly consist of gravel, preventing vegetation growth. The gravel is composed of calcium carbonate. Thus, we can ignore their C-stock potential. We estimated C stocks in the vegetation biomass and soil of six types of coastal wetlands including seagrass beds, mangroves, estuarine waters, muddy beaches, deltas, and coastal saltwater lakes.
There are three sources of uncertainty that they are more considerable in the previous studies, including limiting the estimation of single-type coastal wetlands in most tropical regions such as Indonesia [14] and Vietnam [19] , lack of comparing C stocks among different coastal wetlands, and lack of variations of total organic C (TOC) content with soil depth. Thus, the literature review shows that there are considerable sources of uncertainty in the past studies which need to be a comprehensive work to measure whole-ecosystem C stocks of different coastal wetlands on Hainan Island and to improve the comparison of different coastal wetlands and soil layers. Our objectives were to determine and compare C stocks of different coastal wetland types to determine C storage capacities of different soil layers. We hypothesized that: 1) Coastal wetlands in Hainan Island are a significant C stock.
2) The highest C stocks of different coastal wetlands are found in mangrove ecosystems. 3) Most C within each coastal wetland is stored in the soil. 4) TOC content decreased with soil depth. [20] . Enhals acoroides, Halophila ovalis, and Halodule uninervis are the main species of seagrass on Hainan Island [21] . Additionally, other herbaceous vegetation like Acrostichum aureum, Paspalumcommersonii, and Schizachyrium sanguineum cover extensive coastal areas.
Materials and Methods

Study
The island has a tropical marine climate. The mean annual temperature of the region is 24ºC, with a mean annual minimum and maximum of 18°C and 27ºC, respectively. The mean annual precipitation is 1,600 mm and the rainy season is from February to October. Hainan Island receives frequent tropical storms and typhoons.
Field Sampling
During July and August 2015 we sampled 93 different Hainan coastal wetland sites representing six types of coastal wetland. Within each site, whole-ecosystem C stocks were measured using the methodologies outlined by Kauffman and Donato [22] .
Vegetation Biomass Carbon Stocks
Following the field investigation, we chose to ignore the vegetation in estuarine, muddy beach, and saltwater lake areas as these areas have no vegetation. We focused on the investigation of vegetation biomass in mangrove, delta, and seagrass bed ecosystems.
There were 93 sites in which both vegetation and soil were sampled (Fig. 1) . Mangrove sampling sites were located at Dongzhai Harbor in Haikou, Qinglan Harbor in Wenchang, Tielu Harbor in Sanya, Danzhou City, and in Lingao County. We established sampling sites in forest areas with representative local vegetation and dominant plant communities. Tree communities were sampled in 10×10 m quadrants, from which 15 samples were taken, with three replicates of each. For all mangrove plants in the quadrants, plant height (H), diameter at breast height (DBH), and crown breadth were measured. Tree species, tree numbers and canopy density were recorded. C stocks of herbaceous understories were estimated from two 1×1 m quadrants within each sampling site.
The seagrass sampling sites were located in the Meilan district in Haikou, Li'an, and Xincun Harbor in Lingshui County, and in Haitou village in Wenchang city. We adopted the whole-plant collection method. We used 10 sampling points consisting of 1×1 m quadrants at each sampling site. To estimate the mean density of the seagrass, we placed a 1×1 m square plastic frame randomly into the quadrant and removed all the seagrass within the frame.
Soil, including silt and sand attached to the seagrass, was washed off. Samples were then dried under shade in a ventilated place and weighed. As seagrass is immersed in water, there were some losses during digging, which we estimated as 5% by mass. The seagrass was divided into two types. The first was a mixture of Halophila ovalis and Halodule uninervis. These two species are relatively sparse; thus they were classified as 'other seagrass. ' The second was Enhals acoroides, which we collected at Lian and Xincun harbors.
The field sampling sites for the delta ecosystem were located at the Wanglou Harbor in Ledong County. Again, we again used the whole-plant collection method. Delta ecosystems with modest canopy and vegetation densities were selected. We used a 1×1 m square plastic frame to establish sampling locations, and dug up all the grass within them. The excavation depth was at least 60 cm to ensure that all underground roots were collected. We placed all excavated vegetation on voile fabric and cleaned it. The vegetation was then dried, weighed, and enclosed in the fabric.
Soil Carbon Storage
From June to July 2015 we investigated the soil C storage in each ecosystem. As sampling was based on Table 1 . Allometric equations for calculating aboveground and root biomass (in kg) of mangroves, based on diameter at breast height (DBH, cm) and specific gravity (g cm -3 ).
Species
Allometric 
Sample Preparation and Analysis
All seagrass and vegetation of delta ecosystem samples were dried at 60°C until their weights were constant. Soil samples that measured bulk density were dried at 65°C and weighed. Soil samples for measuring physicochemical characteristics were dried under ventilation in the absence of light, then grated and sifted to assess soil grain diameters and organic carbon content. The specific gravities of tree wood samples were estimated by the ratio of the oven-dried weights and their volumes. The organic carbon content was obtained via loss on ignition measurement. Two grams of the pulverized sediments were first dried at 60ºC in a drying oven for 2 h, and then heated at 550ºC in a temperature-monitored muffle furnace for 5 h. We subtracted the weight from before and after combustion at 550ºC to calculate organic carbon content.
Ecosystem C Storage Estimation Procedure
Vegetation C stocks were estimated from mangrove trees, seagrass, and delta vegetation. Mangrove biomass was calculated using allometric equations ( Table 1 ). The tree biomasses of the species S.alba and S.caseolaris were estimated using common allometric equations [23] , whereas the biomasses of other species were calculated using specific equations. The method of calculating the C stock of the trees was to multiply the tree biomass by the wood C content. Likewise, the mangrove root biomasses of the species S.alba and S.caseolaris were estimated using the common allometric equations [23] , and the remaining equations were calculated using specific equations ( Table 1) . The root C stock was calculated by multiplying the root mass by C content. The C content of the mangrove was 0.48 aboveground and 0.39 for the root biomass [22] . The C content of the aboveground mass of the herbaceous vegetation was calculated using a factor of 0.45 of the total [22] .
The seagrass and delta vegetation biomasses were estimated according to Eq. ) × TOC(%) × depth interval (cm) (2) The ecosystem C stock is comprised of vegetation and soil C stocks. The total C stocks of coastal wetland ecosystems on Hainan Island was calculated by multiplying the mean value for each ecosystem by its area, and then summing them.
Statistical Analysis
We adopted a one-factor ANOVA followed by a Duncan post-hoc test to test for differences in TOC content and C stocks of each ecosystem, and to assess whether these values decreased with soil depth. The data was examined for homogeneity of variance using Levene's test prior to statistical analysis. For all statistical tests, the significance level was accepted at P≤0.05. SPSS 19.0 was used to process the data.
Results and Disscussion
C Stock Estimates of the Seagrass Bed Ecosystems
The biomass of Enhals acoroides was far higher than 'other seagrass' ( Table 2 ). The area of the seagrass beds on Hainan Island was 502.55 ha, and the total seagrass biomass was 1,092.69 Mg. Common allometric equations were used to calculate the seagrass bed vegetation C stocks [23] . We estimated that C stocks of the seagrass bed ecosystem were 10.58 ±0.43 MgC·ha . The results proved that biomass of different seagrass species was distinct as species differed in size [30] . C stocks of the seagrass beds on Hainan Island were considerably lower than the global average of 83 MgC ha -1 [31] . It was evident that the vegetation structure of seagrass on Hainan Island was simple with a single composition. Only three species of seagrass grew independently. Therefore, the biomass and productivity of vegetation on Hainan Island is lower than the global average [32] . Mean seagrass C stocks were 25.7 MgC·ha −1 in the Gulf of Mexico [33] . Compared with seagrass in Hainan Island, the height was mostly over 50 cm.
C Stock Estimates of Mangrove Ecosystems
We identified 12 species in Hainan Island. A combination of B.sexangula and B.gymnorrhiza possessed the highest C stock, followed by a combination of E.agallocha and B.sexangula (Table 3 ). The mean vegetation C stocks of the mangrove forest in Hainan Island were 70.58 MgC ha -1 (Table 3 ). The result is similar to that reported for Yingluo Bay [34] . The study demonstrated that there were significant differences in C stocks among mangrove types, which was opposite to those along the Pacific and Caribbean coasts of Honduras [35] . For different plant structures, root biomass occupied 26.5~42.9% vegetation C stocks. Roots played an essential role in C stocks as decomposition of roots deeply influenced carbon sequestration [36] . The vegetation C stock of mangroves on Hainan Island was similar to that of mangroves in the Sundarbans [37] and Yingluo Bay [34] , and substantially lower than that in Borneo and Sulawesi [14] and Palau, Micronesia [15] . Based on the height and DBH of the mangrove trees on Hainan Island, they are medium-sized forests compared to most others in the tropical zone.
C Stock Estimates of Delta Ecosystem Vegetation
Mean biomass of the delta ecosystem was 15.71 MgC ha -1 . We calculated that vegetation C stocks of the delta ecosystem were 6.99±0.59 MgC ha -1 (Table 4 ). The delta ecosystem was divided into different types and had large-scale distribution. The vegetation C stocks of delta ecosystems on Hainan Island were three-fold lower than that of the Pearl River Delta [38] . We investigated the fact that the soil of deltas on Hainan Island was sandy, whereas those elsewhere are predominantly loam and clay soils [39] , suggesting that the soil texture had a significant influence on vegetation carbon storage. The study of carbon pool in an area of north Nile Delta, Egypt also proved that sand was the most negative factor correlating to C pools [40] .
Soil C Stock Estimates
The overall mean TOC for estuaries, muddy beaches, coastal saltwater lakes, mangroves, deltas, and seagrass bed ecosystems were 1.63, 1.88, 1.18, 2.72, 1.31, and 1.94%, respectively. The TOC of the mangroves was far higher than other ecosystems. The TOCs of seagrass and muddy beach ecosystems were relatively high. TOC tended to decrease with soil depth (Fig. 2) , such that the highest TOC was in the 0-20 cm layer, except in coastal saltwater lakes and deltas, where it was in the 20-40 cm soil layer. The study revealed that topsoil was the key point of soil sequestration [41] . The TOC contents of Hainan Island were similar to those of some medium-sized forests in the Asia-Pacific region [14] and higher than those of common forests in southern China [46] . The results of comparison further explained that Hainan mangroves corresponded to medium-sized forests of the Asia-Pacific region [14] and the Mexican Caribbean [17] . The TOC content of seagrass bed ecosystems on Hainan was four-fold lower than that reported for Australia [45] . Different soil textures and plant sizes between two locations led to the different soil C stocks. But seagrass in Hainan Island near fish farming increased the TOC as nutrient enrichment could enhance plant-derived contributions to the TOC [43] . The TOC content of the estuaries on Hainan Island was consistent with the values for the Mississippi and Atchafalaya rivers [44] and the Gironde, Loire, and Seine estuaries [45] -which are all located in temperate zones. Strong seasonality influenced the TOC in the estuaries [46] . Therefore, seasonality resulted in a certain error in the calculation result.
In the different soil layers soil bulk density increased with the increase of depth, while TOC content decreased. Raised soil compaction and water content resulted in the increase of soil bulk. The result was essentially consistent with that reported for mangrove ecosystems in the Indo-Pacific region [14] . There was a significant decline in soil C stocks with the increase of soil depth. The difference in soil C stocks of estuaries, muddy beaches, coastal saltwater lakes, mangroves, deltas, and seagrass bed ecosystems between the top layer and the deepest layer was 15.64, 10.27, 4.26, 32.95, 10.56, and 11.42 MgC ha -1 . Furthermore, our results are in Table 5 . Depth, bulk density, TOC, and soil C stocks of coastal wetland ecosystems. Values given as mean ± SE. . Soil C stocks of mangroves were the richest and much higher than other ecosystems. Soil C stocks of estuaries, muddy beaches, and seagrass bed ecosystems were the second richest, while those of coastal saltwater lakes and deltas were the poorest. Soil C stocks were affected by soil texture and hydrological environment. Soil texture of coastal saltwater lakes and deltas was sand, which was difficult for storing C.
Ecosystem C Storage of Coastal Wetland Ecosystems
Combining the vegetation and soil C stock estimates allowed for the estimation of total C stored by coastal wetland ecosystems on Hainan Island. The C stock of estuaries, muddy beaches, coastal saltwater lakes, mangroves, deltas, and seagrass bed ecosystems were 210.73, 243, 167.41, 426.57, 185.88, and 297.85 MgC ha -1 , respectively. The results roughly applied to similar tropical and subtropical regions. We can calculate the C stocks of different coastal wetland ecosystems in tropical and subtropical regions that were based on the results of Hainan Island. For other regions with different climates, the results could be used to contrast and clarify the impact factor of C stocks for further study.
Soil C stocks dominated total C stocks, accounting for 83%, 96.24%, and 96.48% of C stocks of mangroves, deltas, and seagrass bed ecosystems, respectively. This suggested that soil C stocks area occupied more predominant C-stock reserves than vegetation C stocks. Land use change caused substantial releases of C when soil C sequestration ceases to function [48] . C stocks of the coastal wetland ecosystem on Hainan Island were 296.74 MgC ha -1 , which was higher than that of terrestrial forests [49] .
However, there are some limitations in the calculation of C stocks. We only calculated the soil C stocks from the upper meter of the soil layer. Donato evaluated the C stock of at least three meters of soil [14] . Thus, our estimates could underestimate ecosystem C stocks.
According to the size of each coastal wetland ecosystem, we calculated that estuaries, muddy beaches, coastal saltwater lakes, mangroves, deltas, and seagrass bed ecosystems stored up to 14. 5 Mg of C, respectively. These C stocks are vulnerable to decomposition and if degraded can be released to the atmosphere in the form of CO 2 [50] . Total C stocks of coastal wetland ecosystems are equivalent to 1.83% of China's CO 2 emissions in 2013 [51] . This means that if coastal wetland ecosystems were destroyed by land use change and climate effects, the C segregation of coastal wetland ecosystems on Hainan Island would release approximately 2% of the annual national emissions as CO 2 . The estimates of C storage of coastal wetland ecosystems are meaningful for preserving the ecological environment and controlling carbon emissions. 
Conclusions
The C stocks of estuaries, muddy beaches, coastal saltwater lakes, mangroves, deltas, and seagrass beds were 210.73, 243.00, 167.41, 426.57, 185.88, and 297.85 MgC ha -1 , respectively. Mangroves were found to be the most carbon-rich ecosystem. The TOC of soil decreased with soil depth and was the highest in the top 0-20 cm layer. Topsoil was the key point of soil sequestration. Soil C stocks have more predominant C-stock reserve than vegetation C stocks. The total C storage of coastal wetland ecosystems in Hainan Island was 56.51×10 5 Mg of C, which is equivalent to approximately 2% of the annual national emissions as CO 2 .
